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Abstract: Reflectarray antennas uniquely combine the advantages of parabolic reflectors and phased array antennas. Comprised of planar structures similar to phased 
arrays and utilizing quasi-optical excitation similar to parabolic reflectors, reflectarray antennas provide beam steering without the need of complex and lossy feed 
networks. In the presented research, a novel theoretical approach to extract the reflection coefficient of reflectarray unit cells is developed. The approach is first applied to 
single-resonance unit cell elements under normal and waveguide incidences. Using this theory, effects of different physical parameters on reflection properties of unit cells 
are studied without the need of full-wave simulations. Detailed analysis is performed for Ka-band reflectarray unit cells and verified by full-wave simulations. In addition, 
an approach to extract the Q factors using full-wave simulations is also presented. 


Later, the Q factor theory is extended to account for the varying incidence angles and polarizations utilizing Floquet modes. Emphasis is laid on elements located on planes 
where extremities in performance tend to occur. The antenna element properties are assessed in terms of maximum reflection loss and slope of the reflection phase. A 
thorough analysis is performed at Ka band and the results obtained are verified using full-wave simulations. Reflection coefficients over a 749-element reflectarray aperture 
for a broadside radiation pattern are presented for a couple of cases and the effects of coupling conditions in conjunction with incidence angles are demonstrated. 

Finally, tunable reflectarray elements capacitively loaded with Barium Strontium Titanate (BST) thin film are developed. The effects of substrate thickness, operating 
frequency and deposition pressure are shown utilizing coupling conditions and the performance is optimized. To ensure minimum affects from biasing, optimized biasing 
schemes are discussed. The proposed unit cells are fabricated and measured, demonstrating the re-configurability by varying the applied E-field. To demonstrate the 
concept, a 45 element array is also designed and fabricated. Using anechoic chamber measurements, far-field patterns are obtained and a beam scan up to 250 is shown on 
the E-plane 


Overall, novel theoretical approaches to analyze the reflection properties of the reflectarray elements using Q factors are developed. The presented theoretical models 
provide valuable physical insight utilizing coupling conditions and aid in efficient reflectarray design. In addition, for the first time a continuously tunable reflectarray 
operating at Ka-band is presented using BST technology. Due to monolithic integration, the technique can be extended to higher frequencies such as V-band and above. 


Keywords: Reflectarray, Q factors, coupling conditions, waveguide analysis, Floquet modes, reconfigurable antennas, BST, micro-fabrications, beam-steerable antennas, 
monolithic integration. 
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ANTENNA INPUT 


= Complex beam-forming manifold. 
= Expensive transmit/receive modules. 
=  Limiton the achievable gain. 
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Reflectarray antennas ? 


e Combines the advantages of 
= Parabolic reflectors 
> Phased array antennas 

e Ease of fabrication 

: Ease of deployment 

: Beam steering ability 

e Low profile 


e High-gain 
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Commonly analyzed using full-wave analysis techniques such CST, 
HFSS, MOM, FDTD and others 


Several combinations exist! (Patch Dimensions, Substrate thickness, 
Dielectric constant, Loss tangent, metal conductivity, spacing 
between the elements 


* Optimization is computationally expensive and tedious. 
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Coupled Mode Analysis 


Inductance per unit length, L 
Capacitance per unit length, C 
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Coupled Mode Analysis 


The reflection coefficient of a resonator inside a waveguide can be 
expressed as : 
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Quality Factors: 


Q, Quality factor due to metallic and dielectric losses. (Q,,,...) 
Q,,, Quality factor from radiation loss. (Qa yea) 
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K. Karnati, Y. Yusuf, S. Ebadi, and X. Gong, “Reflection coefficient analysis of a TEM-excited reflectarray unit cell using 
Q factors,” IEEE Antennas and Propag. Society Int. Symp, IL, July 2012. 





——— 9 (6 'UCF 


Sw hool ot EJectmica Emsineerim 
and 64 


Radiation Q-factor from Theory 


In general, radiation Q factor is given by: 
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O (TE) 
Reflectarray unit cell inside the waveguide involves two 
different modes which are coupled together: 


*  [Mpg,o mode of the resonating patch, and 


*  [E,g50r TEM mode propagating inside the waveguide. 





| | | | : | Metallic waveguide 
K. Karnati, Y. Yusuf, S. Ebadi, and X. Gong, "Theoretical analysis on reflection properties of reflectarray unit cells 
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Q factors vs. substrate thicknesses for TEM and TE} 
excitation at 32 GHz resonance. 


How does a unit cell behave in these 3 regions ? 


What are effects on the performance of a unit cell ? 
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As the Substrate thickness increase: 


= Antenna element becomes more over-coupled. 
= Loss decreases. 

= Bandwidth increases. 

= Phase Range decreases. 
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Floquet Analysis soquet modes 


. Only the dominant Floquet modes TE), and TMo, are considered. 

s Co-coupling corresponds to coupling between the same modes. 

. Cross-coupling corresponds to coupling between the orthogonal modes. 
The expressions for reflection coefficients of co- and cross-coupling between 


the modes are derived using coupled-mode theory and the final expressions are 
given as: 
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Derivation of Q factors 


In general, radiation Q factor is given by: Q = 
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(a) Reflection magnitude and (b) phase sensitivity vs. O for co-coupled 
and cross-coupled wave components at 32 GHz resonance for ọ = 
45° using theory and HFSS simulations. 
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* — Large Dielectric constants. 
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* BST permittivity and loss tangent are varied 
to simulate varying bias voltages. 
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For the array design, the reflection properties of the unit cell are extracted for actual 
spacing between the elements and TEM mode. 


* HFSS simulations are used. (e, 2 500 to 275; tand = 0.12 to 0.03) 





* Dimensions are tuned for a center frequency of 31.6 GHz on Sapphire wafer. 
° A spacing of a = b = 4mm (0.42A,) is chosen. 
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Future Extensions 





DURT e TIR: 


> The performance of the BST loaded unit cells can be improved by using 
multi-resonant elements (more bandwidth and phase range) and design 
individual phase control on each element using vias (losses from the bias 
lines and phase errors can be minimized). 


> Reduce the dielectric loss of the BST by using techniques such as Mn- 
doped BST/MgO composites. (loss tangents in the ranges of 10° are shown). 


» Fabricate a larger aperture by joining several wafers and show higher 
gains with beam scanning. 


> Extend the Q factor theory for other unit cell configurations such as multi- 
resonant antenna elements or tunable elements or to phased-array and lens 
antennas. 
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